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Enhanced interstitial fluid 
drainage in the hippocampus of 
spontaneously hypertensive rats
Beatrice Bedussi1, Daphne M. P. Naessens1, Judith de Vos1, Rik Olde Engberink2, Micha M. M. 
Wilhelmus3, Edo Richard4,5, Malyssa ten Hove1, Ed vanBavel  1 & Erik N. T. P. Bakker1
Hypertension is associated with cognitive decline and various forms of dementia, including 
Alzheimer’s disease. In animal models of hypertension, many of Alzheimer’s disease characteristics 
are recapitulated, including brain atrophy, cognitive decline, amyloid β accumulation and blood brain 
barrier dysfunction. Removal of amyloid β and other waste products depends in part on clearance via 
the brain interstitial fluid (ISF). Here we studied the impact of hypertension on ISF drainage, using 
spontaneously hypertensive rats (SHR) and normotensive Wistar Kyoto rats (WKY). At 8 months, high 
(500 kD) and low (3 kD) fluorescent molecular weight tracers released passively into the hippocampus 
showed a drastically enhanced spreading in SHR. Tracer spreading was inhomogeneous, with 
accumulation at ISF-CSF borders, around arteries, and towards the stratum lacunosum moleculare. 
These locations stained positively for the astrocyte marker GFAP, and aquaporin 4. Despite enhanced 
dispersion, clearance of tracers was not affected in SHR. In conclusion, these data indicate enhanced 
bulk flow of ISF in the hippocampus of hypertensive rats. ISF drains along astrocytes towards the 
cerebrospinal fluid compartment, which leads to sieving of high molecular weight solutes. Sieving 
may lead to a local increase in the concentration of waste products and potentially promotes the 
aggregation of amyloid β.
Microvascular dysfunction, including impaired neurovascular coupling and blood brain barrier (BBB) disrup-
tion, occurs in both vascular dementia and Alzheimer’s Disease1. These changes may interfere with the clear-
ance of potentially toxic waste products such as amyloid β, which are released in the brain interstitial fluid (ISF) 
and accumulate in the parenchyma and vessel walls1. Hypertension may aggravate neurodegenerative diseases2. 
Indeed, mid-life hypertension is associated with an increased risk of dementia3, while antihypertensive drugs 
have been found to reduce the risk to develop AD4, 5. Induction of high blood pressure by transverse aortic 
coarctation promotes amyloid β accumulation in the brain of mice6. Similarly, work in mouse models of AD 
showed that hypertension exacerbates AD-like pathology7–11. Spontaneously hypertensive rats (SHR) develop 
white matter damage, cognitive decline (novel object recognition) and BBB disruption, among other patholog-
ical changes12. Stroke-prone SHR show an age-dependent deposition of amyloid β13. Thus, there is a strong link 
between hypertension and dementia in both human and animal studies. However, the underlying mechanisms 
for this relation are not well understood. As the clearance of waste products, including amyloid β, from the brain 
parenchyma depends on transport via the interstitial fluid and subsequent removal via the BBB and paravascular 
pathways14–17, we hypothesized that hypertension may alter fluid dynamics in the brain interstitium. This, in turn, 
could interfere with the clearance of solutes from the brain. Thus, in the present study we set out to determine the 
effect of hypertension on distribution and clearance of solutes via the interstitial fluid. For this purpose, we stud-
ied the fate of fluorescent tracers released into the ISF of the hippocampus of normotensive and hypertensive rats.
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Results
Hypertension is associated with a different ionic composition of the brain. Spontaneously hyper-
tensive rats were lighter than normotensive WKY rats (Table 1). Also brain weight was lower in SHR as compared 
to WKY. As expected, both systolic and diastolic blood pressure were higher in SHR, while also heart rate was 
significantly increased in SHR as compared to WKY. SHR brains showed a tendency for increased water content, 
as based on the wet and dry brain weights (Table 1). As edema and altered fluid homeostasis may be more sensi-
tively detected by altered ion concentrations, we measured the concentration of both sodium and potassium. This 
revealed a significant decrease in potassium content in the SHR brain. As the sodium content showed a small, 
non-significant increase, a highly significant increase in Na+/K+ ratio was present in SHR brain.
Infusion of tracers into the hippocampus. To study the impact of hypertension on the spreading and 
removal of solutes from the brain extracellular space, we infused a small quantity of fluorescently labelled dex-
trans into the hippocampus. We infused 2 µl of a mixture of a high and low molecular weight dextran. The com-
bination of a large and a small dextran was used as an indication for diffusion or bulk flow. A large difference in 
distribution would suggest diffusion, whereas a comparable distribution would suggest bulk flow. For neither 
tracer did we observe any difference between SHR and WKY (Fig. 1). After using this approach however, we 
speculated that tracer spreading may have been affected by the infusion itself. We therefore decided to investigate 
the fate of tracers in the absence of pumping any volume of fluid into the tissue.
Passive release of tracer in the hippocampus. In the second set of experiments we changed our 
approach and studied tracer spreading after passive release from the needle tip. After stereotactic placement 
of the needle in the hippocampus, both tracers were allowed to enter the brain from the needle tip by diffusion 
only, followed by further spreading through the interstitium. Under these conditions, we observed a significant 
difference in the distribution area between SHR and WKY rats. Thus, both tracers distributed over a 5–6 fold 
larger area in SHR as compared to WKY (Fig. 2). Remarkably, the distribution area of the small and large tracer 
was comparable in size for both SHR and WKY. This finding suggests that after release from the needle tip, tracers 
spread by bulk flow of ISF rather than by diffusion.
Clearance of tracers from the hippocampus. The large difference in distribution area between SHR and 
WKY after passive release of tracers may influence the clearance of these tracers from the brain. Therefore, in the 
next set of experiments we quantified the removal of tracers from the brain. We first infused equal amounts of 
tracers into the hippocampus of SHR and WKY, and then allowed a 30 min period of spreading and clearance. 
Brain homogenates were then analysed for remaining fluorescence by spectrophotometry. Clearance was much 
higher for the low versus high molecular weight tracer. However, clearance of either tracer was not significantly 
different between SHR and WKY rats (Fig. 3).
Pattern of tracer distribution. Tracer spreading was highly inhomogeneous. Figure 4 shows an example 
of tracer spreading after passive release in the hippocampus. The high molecular weight tracer spread along the 
stratum lacunosum moleculare (SLM) and further in the caudal direction following blood vessels, suggesting a 
highly preferential route for fluid movement. Based on myosin staining, these vessels were identified as arteries. 
Whether the tracers followed the arteries upstream or downstream could not be determined.
WKY SHR t-test
Weight
Body (gr) (n = 20) 404 ± 5 (n = 19) 372 ± 5 p < 0.001
Brain (gr) (n = 20) 2.26 ± 0.01
(n = 19) 
2.12 ± 0.03 p < 0.001
Blood Pressure
Systolic (n = 20) 163 ± 4 (n = 19) 189 ± 4 p < 0.001
Diastolic (n = 20) 118 ± 5 (n = 19) 146 ± 4 p < 0.001
BPM (n = 20) 378 ± 8 (n = 19) 460 ± 5 p < 0.001
Water content
% (n = 6) 77.155 ± 0.021
(n = 6) 
77.612 ± 0.1 0.052
Ions
Na+ (mmol/ml Water) (n = 6) 0.060 ± 0.001
(n = 6) 
0.062 ± 0.001 0.117
K+ (mmol/ml Water) (n = 6) 0.111 ± 0.002
(n = 6) 
0.106 ± 0.001 0.004
Na+ to K+ ratio (n = 6) 0.539 ± 0.012
(n = 6) 
0.592 ± 0.011 0.008
Table 1. Animal characteristics and brain composition. SHR body weight and brain weight were lower as 
compared to WKY. Systolic and diastolic blood pressure, and heart rate were elevated in SHR. Water content in 
SHR brain tended to be higher as compared to WKY. Whole brain sodium concentration was not different, but 
the potassium concentration was significantly lower in SHR brain as compared to WKY. Data are mean ± SEM.
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Colocalization of tracers with aquaporin 4 and GFAP. The spreading of tracers via the SLM region 
and around arteries was also seen after infusion of the tracers, suggesting a low resistance pathway of ISF flow. 
However, in the case of infusion, tracers spread further and also accumulated at ISF-CSF borders. As these areas 
are known to be rich in astrocytes and their endfeet, we investigated the possible colocalization of tracer with 
astrocytes and aquaporin 4 (Aqp4). Indeed, we observed clear staining for the astrocyte marker GFAP and Aqp4 
in areas of tracer accumulation (Fig. 5).
Discussion
In this study we investigated the impact of hypertension on the distribution and clearance of tracers from the 
brains of rats. In the first set of experiments we infused tracers into the hippocampus, using a small volume and 
low infusion speed to reduce the impact of the infusion itself. This resulted in a non-homogeneous distribution 
of tracers, but no difference in the distribution area between WKY and SHR. We then followed a still more subtle 
approach, and allowed tracers to spread passively from the needle tip. To the best of our knowledge, this approach 
has not been reported before. Although the distribution area was much smaller in this case, this uncovered a large 
difference in distribution area in SHR as compared to WKY. We believe that the impact of infusion is an issue that 
has been underestimated in many studies. Infusion of 1 microliter into the brain introduces a volume of 1 mm3. 
With the extracellular space being roughly 20% of the total volume, this 1 microliter replaces the ISF of 5 mm3 
of brain tissue (total volume of a mouse hippocampus ≈25 mm3, rat hippocampus ≈100 mm3). The endogenous 
production rate of ISF is unknown and difficult to determine18, but the results of the current study indicates that 
even for very limited infusion rates, endogenous transport mechanisms are easily overwhelmed.
The presence of bulk flow of ISF is debated19. In the current study, the low and high molecular weight tracers 
distributed over similar areas, which was the case in both rat strains after passive release. In SHR, there was also 
a strong accumulation of particularly the high molecular weight tracer in specific areas. These two features are a 
clear indication that solutes are dispersed via bulk flow of ISF rather than by diffusion in SHR. The larger distri-
bution area in SHR as compared to WKY after passive release of tracers also suggests that ISF flow is markedly 
enhanced in the hippocampus of SHR. It should however be noted that other factors could also play a role in the 
difference in distribution area, such as differences in extracellular matrix composition, which could lead to stick-
ing or retention of tracers, and differences in tortuosity of the extracellular space. A further limitation is that a 
direct quantitative comparison of distribution areas between the two tracers is not straightforward. First of all, the 
fluorophores have different optical properties. Second, the distribution area is determined not only by spreading 
but also by simultaneous clearance.
Figure 1. Distribution of fluorescent tracers after infusion into the hippocampus. Panel A and B show coronal 
slices of WKY (left) and SHR (right) hippocampus at the infusion level. We did not observe a difference in the 
distribution area of either the low or high molecular weight tracer between WKY (N = 6) and SHR (n = 7). 
Mean data ± SEM are shown in panel C. In panel D the expected infusion site (*) is shown, based on the 
stereotactic coordinates for the rat brain. Scale bar 1 mm.
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While the distribution area was different in size between infusion and passive release, the pattern was similar. 
In both cases, tracers spread and accumulated at the stratum lacunosum moleculare (SLM), around arteries, into 
the corpus callosum, and at the edges of the hippocampus including the border with the third ventricle. This was 
the case for both WKY and SHR, albeit this became only apparent after infusion in the WKY, since there was 
limited tracer spreading after passive release in this group. Immunostaining showed that these areas are rich in 
astrocytes, and strongly express aquaporin 4. Thus, it appears that ISF, containing tracers, travels from the paren-
chyma towards these border zones where ISF mixes with CSF. While in general the ISF-CSF border is considered 
less tight than the BBB, barrier properties are apparently still significant and lead to accumulation of the tracers. 
Figure 2. Distribution of tracers after passive release into the hippocampus. Panel A and B show representative 
coronal sections of WKY (left) and SHR (right) hippocampus at the level of needle insertion. Inserts show the 
overview of the whole sections. Panel C shows the quantification of the distribution area. Data are mean ± SEM. 
**Indicates P ≤ 0.001. WKY = 8 SHR = 6. Scale bar 1 mm.
Figure 3. Clearance of tracers from the hippocampus. Clearance was calculated as the amount of tracer 
removed from the brain as percentage of the initially injected quantity. There was no difference in clearance for 
both the low and high molecular weight tracer in WKY as compared to SHR. Clearance was larger for the small 
tracer (3 kD) as compared to the large tracer (500 kD; P < 0.00001). WKY = 6 SHR = 6. Data are mean ± SEM.
www.nature.com/scientificreports/
5Scientific RepoRts | 7: 744  | DOI:10.1038/s41598-017-00861-x
The presence of aquaporin 4 also suggests that facilitated water transport is necessary in these regions. This capac-
ity may be provided by astrocytes, which are known to mediate water transport, particularly via aquaporin 4 in 
their endfeet20. It is interesting to note that arteries, but not veins, accumulated tracers. Arteries are invested 
with at least one, and perhaps two peri- or paravascular transport pathways15–17, 21. Our data indicate that in the 
present study, part of the tracers exited the hippocampus along arteries. This finding is consistent with data from 
Carare et al.16, and at variance with the view proposed by Iliff et al.17. We previously showed that these pathways 
around arteries connect to the CSF compartment, either at the subarachnoid space or via one of the cisterns that 
penetrate the brain22. Also in this study a similar anatomy was found, with most of the feeding arteries entering 
the parenchyma from the cisterns around the hippocampus. Thus, ISF appears to drain from the hippocampus 
into the CSF either directly via the 3rd ventricle, or indirectly via cisterns and paravascular spaces around arteries.
The apparent increase in bulk flow in the SHR hippocampus raises the question what the origin of this fluid is. 
An obvious source for enhanced ISF flux would be leakage or secretion from the capillaries. Indeed, others have 
reported BBB leakage and ventricular enlargement in SHR12, 23. In agreement with this, we found a tendency for 
increased water content. This was accompanied by a shift in whole brain Na+/K+ ratio. Similar changes are seen 
in stroke, where an increase in brain tissue sodium concentration and a concomitant decrease in brain potassium 
concentration are associated with vasogenic edema24. Due to large concentration differences, whole brain sodium 
is mainly reflecting the extracellular sodium pool, whereas potassium is dominated by the intracellular pool. As 
we anticipate that the SHR maintains normal intra- and extracellular ion concentrations, these data point towards 
an expansion of the extracellular space in the brains of SHR. Although speculative, such an expansion of the 
extracellular space could further facilitate ISF flow due to a reduction in resistance. Taken together, the picture 
emerges that in SHR, BBB leakage and an increase in extracellular space are associated with enhanced flux of ISF 
from the capillaries into the CSF compartment.
We found that the small tracer was cleared to a larger extend than the large tracer. This was the case for both 
WKY and SHR. Tracers may have been eliminated across the BBB, via the ISF into the CSF, and possibly via 
the choroid plexus as noted previously15, 25. However, in view of the enhanced spreading of tracers in SHR, the 
absence of a difference in clearance between WKY and SHR for both tracers appears to be a contradictory finding. 
One possibility is that infusion of a relatively large volume of tracers overwhelms endogenous clearance mech-
anisms, which obscures subtle differences in clearance rate between SHR and WKY. This would be a situation 
similar to the tracer spreading results in this study. Alternatively, enhanced ISF flow may not necessarily lead to 
enhanced solute removal. In that case, we speculate that enhanced ISF flow relates to an increase in water and ion 
fluxes, but not necessarily leads to more washout of larger molecules. These molecules may be retained within the 
tissue at barrier sites. Indeed, we observed strong accumulation of the tracers, particularly of the high molecular 
weight tracer, at the borders of ISF and CSF exchange. We therefore interpret these findings as a sieving effect, 
resulting from relatively easy passage of water and ions, and accumulation of tracer. Whether such a mechanism 
is relevant for accumulation of endogenous waste products remains to be established. It is however very tempting 
to speculate on such a phenomenon, as tracer accumulation as observed in our experiments mirrors the pattern 
of amyloid β accumulation in the hippocampus of a mouse model of Alzheimer’s disease26.
Studies on human brain interstitial fluid flux and hypertension are scarce. Enlarged perivascular spaces are 
considered a marker for impaired ISF drainage27 and correlate with vascular amyloid β deposition28. White mat-
ter hyperintensities and enlarged perivascular spaces are also associated with dementia and may be explained by 
impaired drainage of ISF29. Another study using MRI suggested that systolic hypertension is associated with an 
increase in extracellular fluid30. Thus, there is only circumstantial evidence that ISF flow is altered in dementia 
and potentially aggravated by hypertension. Currently, treatment options therefore seem premature and await 
future studies that shed more light on ISF production, pathways, and impact of hypertension on clearance of 
waste products from the brain.
Figure 4. Tracer spreading within the hippocampus. Sequential sections of a SHR from the injection site (panel 
A; arrow indicates needle track) moving towards the caudal side of the brain (panels B–D). Tracer (500 kD) 
is shown in green. Panel B: 0.75 mm caudal from infusion area. Tracer spread along the SLM (arrows) and 
embedded arteries. Panel C: 1 mm from the infusion area, tracer co-localized with an artery. Panel D: 1.25 mm 
from the infusion area, stronger co-localization with the same artery. Dentate gyrus (DG); Stratum Lacunosum 
Molecolare (SLM); Paravascular Space (PVS). Stars indicate the same artery in the different panels. Blue: nuclear 
stain, magenta: smooth muscle myosin heavy chain, identifying the arterial nature of these vessels. Scale bar in 
A = 200 μm, B = 100 μm, C–D = 50 μm.
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Figure 5. Co-localization of tracer accumulation with GFAP and aquaporin 4 staining. Panel A: High 
molecular weight tracer (green) distribution after infusion in the hippocampus of a WKY. Tracer accumulates 
along the stratum lacunosum molecolare (SLM) and at the boundaries of the hippocampus. Panel B: Expression 
of the astrocyte marker GFAP. Panel C: Expression of aquaporin 4. Tracer, GFAP and Aqp4 colocalize at the 
suprapyramidal and infrapyramidal blades of the dentate gyrus and the ependyma layer at the third ventricle. 
DG: dentate gyrus. 3 V: third ventricle. Scale bar in A–C 400 µm. Panels D and E show a close up of the 
vessels present at the SLM region. Both GFAP and Aqp4 are expressed around vessels. Scale bar in D = 15 μm, 
E = 50 μm.
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To conclude, we showed that ISF flow is greatly enhanced in the hippocampus of SHR rats as compared to 
normotensive WKY. In these animals, tracer distribution is consistent with bulk flow, rather than diffusion. This 
is based on the notion that high and low molecular weight tracers spread similarly, and strongly accumulate at 
border zones of ISF-CSF exchange. The retention of tracers in these areas can be explained by a sieving effect on 
ISF, which could be relevant for the accumulation of endogenous solutes and waste products such as amyloid β.
Materials and Methods
Animals. For this study 39 animals were used. Male normotensive Wistar Kyoto rats (WKY/NCrl) (n = 20) 
and male spontaneously hypertensive rats (SHR/NCrl) (n = 19) were obtained from Charles River at the age of 
11 weeks. Animals were kept until 8 months of age, housed in groups and fed ad libitum with standard laboratory 
food and free access to water. Experiments were done during daytime, which is the sleep phase for rats. One ani-
mal died during anesthesia, before the start of the experiment. All experimental protocols were approved by the 
Committee for Animal Experiments of the Academic Medical Center Amsterdam, and in accordance with the 
European Communities’ Council Directive 2010/63/EU.
Blood pressure measurements. Blood pressure (BP) was measured non-invasively with a tail-cuff system 
(Kent Scientific, Torrington, Connecticut, USA). Rats were accustomed to handling and to the restrainer during a 
training period of 4 days before the BP measurements. During the measurements, the animals were placed in the 
restrainer on a heating pad, for at least 10 minutes to warm up the tail. In each animal, 4 to 10 BP measurements 
were made and averaged. In a subset of animals we also measured BP under KDA (see below) anaesthesia. This 
revealed no difference in BP between anaesthetized and awake animals (data not shown).
Anaesthesia. In initial experiments, where tracers were infused into the brain by pumping, rats were anaes-
thetized by intraperitoneal injection of 2 ml/kg of KDA mix, consisting of a combination of ketamine (75 mg/
kg, Nimatek, Eurovet), dexdomitor (0.5 mg/kg, Orion Pharma), and atropine (0.05 mg/kg, atropine sulphate, 
Eurovet) dissolved in PBS (Phosphate Buffered Saline, Lonza). Additional oxygen (99%) was administered via a 
nose cap to prevent hypoxia. As we experienced a more stable and adjustable level of anaesthesia with isoflurane, 
the remainder of the study was carried out with animals under anaesthesia with isoflurane (3% in O2) applied via 
an inhalation mask.
General surgical procedure. The animals were anaesthetized and the scalp was shaved. Subsequently, 
heads were immobilized in a stereotactic frame (Stoelting) and the core body temperature was maintained using 
a heating pad. Ocular lubricant ointment (Duratears®, Alcon) was applied to keep the eyes hydrated. The temper-
ature was monitored with a rectal thermometer (Greisinger Electronics) during the procedure. A small longitu-
dinal skin incision was made on the skull and 10% xylocaine (AstraZeneca B.V.) was provided as additional local 
anaesthesia. The periosteum was scratched off using a scalpel. Subsequently, according to the Paxinos and Watson 
Rat Brain atlas (6th edition, 2007), we defined the stereotactic coordinates for the CA1 region of the hippocampus 
as −4.0 mm caudal, 2.0 mm lateral, and 4.0 mm deep, from the bregma point. The depth was calculated taking 
into account the thickness of the skull. A small burr hole was drilled with a dental drill (W&H). Subsequently, 
a 33-gauge needle (Hamilton) connected to a polyethylene catheter was inserted into the hippocampus using 
the stereotactic device. The catheter was connected to a syringe filled with a mixture of green (500 kDa) and red 
(3 kDa) fluorescent dextran. Both tracers were used at a final concentration of 10 mg/mL.
Infusion of tracers into the hippocampus. In this set of experiments, rats were anaesthetized with 
KDA mix. We infused 2 μl of the dextran mixture at a controlled flow rate of 0.066 μl/min using a syringe pump 
(Harvard Apparatus, Holliston, MA, USA), over a 30 minute period. After infusion, the syringe pump was 
stopped and the needle was removed 1 minute after the end of the infusion period. Subsequently, the animals 
were euthanized with an overdose of the anaesthetic and rapidly decapitated, after which the brains were carefully 
dissected. The brains were weighed and cut into three coronal blocks using an adult rat brain slicer matrix (Zinc 
instruments). The blocks were separately embedded in Tissue-Tek® (Sakura), snap frozen in liquid nitrogen, and 
stored at −80 °C. The brains were then cut in coronal sections, 5 µm thick, using a cryostat (Microm HM 560) and 
collected on SuperFrost slides (Menzel-Gläzer). After sectioning, sections were stored at −80 °C until they were 
used for immunohistochemistry.
Passive tracer release in the hippocampus. In the remainder of the study, animals were anesthetized 
with isoflurane. For this set of experiments we inserted the needle via the burr hole and we let the tracers diffuse 
from the tip of the needle into the rat hippocampus for 30 minutes. At the end of the diffusion period the animals 
were euthanized and the brain processed as described for the infusion set of experiments.
Confocal imaging. Prior to imaging brain slices were fixated in 3.7% paraformaldehyde (PFA) for 30 min-
utes. Then, cell nuclei were stained with bisbenzimide (Sigma). Selected slices were additionally stained to iden-
tify specific cell types and proteins. To discriminate between arteries and veins we stained for myosin heavy chain. 
Antibodies against GFAP and aquaporin 4 (Aqp4) were used to stain astrocytes and water channels. Fluorescent 
images were acquired using a confocal laser-scanning microscope (Leica TCS SP8), with a 20x objective for 
details and 10x objective for overviews. ImageJ software was used to quantify the distribution area of the tracers. 
Care was taken to prevent pixel saturation and to apply the same confocal settings to sections within each group 
of experiments.
Clearance of tracer from the hippocampus. To quantify the clearance we first infused a known vol-
ume (2 μl) of the dextran mixture at 0.066 μl/min for 30 min. Then, we allowed a subsequent 30 min period for 
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spreading and clearance of the tracers. We used active infusion of tracer in this set of experiments, because meas-
uring clearance requires a similar and known quantity of tracer to start with in WKY and SHR. Animals were 
then euthanized rapidly and brains were carefully dissected and weighed. Brains were subsequently homogenized 
in 7 ml of RIPA buffer, using a manual potter and an automated blender to obtain a homogenous suspension. 
Fluorescence spectrometry was then performed and the total amount of both dyes in the brain homogenate was 
determined from integration of the spectra over the appropriate wavelengths. In order to normalize for possible 
differences in turbidity in the different samples, the spectrometry was repeated after addition of a known quantity 
of the tracers to the samples.
Brain ashing procedure. We used snap frozen brain samples to analyze water, potassium, and sodium con-
tent. To determine brain water content, we compared brain sample weights before and after desiccation at 90 °C 
for 48 hours. Next, samples were dry ashed for 40 hours at 450 °C. After ashing, all samples were dissolved in 5% 
HNO3. Sodium and potassium concentrations were determined by flame photometry.
Reagents. Dextran, Texas Red-labelled (3 kD, Ex. 595 nm/Em. 615 nm) and dextran, fluorescein-labelled 
(500 kD, Ex. 494 nm/Em. 521), both lysine-fixable, were purchased from Molecular Probes-Life Technologies 
(Eugene, OR, USA). These dyes were dissolved in artificial cerebrospinal fluid (aCSF). In the passive release 
experiments we increased the final concentration of FITC dextran to 50 mg/ml. For immunohistochemistry we 
used antibodies against: smooth muscle myosin heavy chain 11 antibody (Abcam), Aqp4 (Millipore) and GFAP 
(Dako Cytomation, Glostrup). Cell nuclei were stained with bisbenzimide (Sigma). Slices were mounted in fluo-
rescent mounting medium (Dako). RIPA buffer consisted of 150 mM sodium chloride, 1.0% Triton X-100, 0.5% 
sodium deoxycholate, 0.1% SDS, 1 mM EDTA, in 50 mM Tris, pH 8.0.
Statistics. Data are expressed as mean ± SEM. Data were analysed using Students’ t-test or two-way ANOVA. 
A p value of <0.05 was considered statistically significant.
References
 1. Zlokovic, B. V. Neurovascular pathways to neurodegeneration in Alzheimer’s disease and other disorders. Nat Rev Neurosci 12, 
723–738, doi:10.1038/nrn3114 (2011).
 2. Iadecola, C. & Davisson, R. L. Hypertension and cerebrovascular dysfunction. Cell Metab 7, 476–484, doi:10.1016/j.cmet.2008.03.010 
(2008).
 3. Feldstein, C. A. Association between chronic blood pressure changes and development of Alzheimer’s disease. J Alzheimers Dis 32, 
753–763, doi:10.3233/JAD-2012-120613 (2012).
 4. Peters, R. et al. Incident dementia and blood pressure lowering in the Hypertension in the Very Elderly Trial cognitive function 
assessment (HYVET-COG): a double-blind, placebo controlled trial. Lancet Neurol 7, 683–689, doi:10.1016/S1474-4422(08)70143-
1 (2008).
 5. Anderson, C. et al. Renin-angiotensin system blockade and cognitive function in patients at high risk of cardiovascular disease: 
analysis of data from the ONTARGET and TRANSCEND studies. Lancet Neurol 10, 43–53, doi:10.1016/S1474-4422(10)70250-7 
(2011).
 6. Carnevale, D. et al. Role of neuroinflammation in hypertension-induced brain amyloid pathology. Neurobiol Aging 33, 205 
e219–229, doi:10.1016/j.neurobiolaging.2010.08.013 (2012).
 7. Faraco, G. et al. Hypertension enhances Abeta-induced neurovascular dysfunction, promotes beta-secretase activity, and leads to 
amyloidogenic processing of APP. J Cereb Blood Flow Metab 36, 241–252, doi:10.1038/jcbfm.2015.79 (2016).
 8. Wiesmann, M. et al. Angiotensin II, hypertension, and angiotensin II receptor antagonism: Roles in the behavioural and brain 
pathology of a mouse model of Alzheimer’s disease. J Cereb Blood Flow Metab (2016).
 9. Kruyer, A., Soplop, N., Strickland, S. & Norris, E. H. Chronic Hypertension Leads to Neurodegeneration in the TgSwDI Mouse 
Model of Alzheimer’s Disease. Hypertension 66, 175–182, doi:10.1161/HYPERTENSIONAHA.115.05524 (2015).
 10. Cifuentes, D. et al. Hypertension accelerates the progression of Alzheimer-like pathology in a mouse model of the disease. 
Hypertension 65, 218–224, doi:10.1161/HYPERTENSIONAHA.114.04139 (2015).
 11. Carnevale, D. et al. Hypertension induces brain beta-amyloid accumulation, cognitive impairment, and memory deterioration 
through activation of receptor for advanced glycation end products in brain vasculature. Hypertension 60, 188–197, doi:10.1161/
HYPERTENSIONAHA.112.195511 (2012).
 12. Kaiser, D. et al. Spontaneous white matter damage, cognitive decline and neuroinflammation in middle-aged hypertensive rats: an 
animal model of early-stage cerebral small vessel disease. Acta Neuropathol Commun 2, 169, doi:10.1186/s40478-014-0169-8 (2014).
 13. Schreiber, S. et al. Interplay between age, cerebral small vessel disease, parenchymal amyloid-beta, and tau pathology: longitudinal 
studies in hypertensive stroke-prone rats. J Alzheimers Dis 42(Suppl 3), S205–215, doi:10.3233/JAD-132618 (2014).
 14. Shibata, M. et al. Clearance of Alzheimer’s amyloid-ss(1–40) peptide from brain by LDL receptor-related protein-1 at the blood-
brain barrier. J Clin Invest 106, 1489–1499, doi:10.1172/JCI10498 (2000).
 15. Bedussi, B. et al. Clearance from the mouse brain by convection of interstitial fluid towards the ventricular system. Fluids Barriers 
CNS 12, 23, doi:10.1186/s12987-015-0019-5 (2015).
 16. Carare, R. O. et al. Solutes, but not cells, drain from the brain parenchyma along basement membranes of capillaries and arteries: 
significance for cerebral amyloid angiopathy and neuroimmunology. Neuropathol Appl Neurobiol 34, 131–144, doi:10.1111/
nan.2008.34.issue-2 (2008).
 17. Iliff, J. J. et al. A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, 
including amyloid beta. Sci Transl Med 4, 147ra111–147ra111, doi:10.1126/scitranslmed.3003748 (2012).
 18. Hladky, S. B. & Barrand, M. A. Mechanisms of fluid movement into, through and out of the brain: evaluation of the evidence. Fluids 
Barriers CNS 11, 26, doi:10.1186/2045-8118-11-26 (2014).
 19. Abbott, N. J. Evidence for bulk flow of brain interstitial fluid: significance for physiology and pathology. Neurochem Int 45, 545–552, 
doi:10.1016/j.neuint.2003.11.006 (2004).
 20. Papadopoulos, M. C. & Verkman, A. S. Aquaporin water channels in the nervous system. Nat Rev Neurosci 14, 265–277, doi:10.1038/
nrn3468 (2013).
 21. Bakker, E. N. et al. Lymphatic Clearance of the Brain: Perivascular, Paravascular and Significance for Neurodegenerative Diseases. 
Cell Mol Neurobiol 36, 181–194, doi:10.1007/s10571-015-0273-8 (2016).
 22. Bedussi, B. et al. Paravascular channels, cisterns, and the subarachnoid space in the rat brain: A single compartment with preferential 
pathways. J Cereb Blood Flow Metab (2016).
www.nature.com/scientificreports/
9Scientific RepoRts | 7: 744  | DOI:10.1038/s41598-017-00861-x
 23. Ritter, S. & Dinh, T. T. Progressive postnatal dilation of brain ventricles in spontaneously hypertensive rats. Brain Res 370, 327–332, 
doi:10.1016/0006-8993(86)90488-9 (1986).
 24. Yang, G. Y., Chen, S. F., Kinouchi, H., Chan, P. H. & Weinstein, P. R. Edema, cation content, and ATPase activity after middle cerebral 
artery occlusion in rats. Stroke 23, 1331–1336, doi:10.1161/01.STR.23.9.1331 (1992).
 25. de Lange, E. C. Potential role of ABC transporters as a detoxification system at the blood-CSF barrier. Adv Drug Deliv Rev 56, 
1793–1809, doi:10.1016/j.addr.2004.07.009 (2004).
 26. Ye, L. et al. Persistence of Abeta seeds in APP null mouse brain. Nat Neurosci 18, 1559–1561, doi:10.1038/nn.4117 (2015).
 27. Charidimou, A. et al. White matter perivascular spaces on magnetic resonance imaging: marker of cerebrovascular amyloid burden? 
Stroke 46, 1707–1709, doi:10.1161/STROKEAHA.115.009090 (2015).
 28. van Veluw, S. J. et al. Cerebral amyloid angiopathy severity is linked to dilation of juxtacortical perivascular spaces. J Cereb Blood 
Flow Metab 36, 576–580, doi:10.1177/0271678X15620434 (2016).
 29. Weller, R. O., Hawkes, C. A., Kalaria, R. N., Werring, D. J. & Carare, R. O. White matter changes in dementia: role of impaired 
drainage of interstitial fluid. Brain Pathol 25, 63–78, doi:10.1111/bpa.2015.25.issue-1 (2015).
 30. Maclullich, A. M. et al. Higher systolic blood pressure is associated with increased water diffusivity in normal-appearing white 
matter. Stroke 40, 3869–3871, doi:10.1161/STROKEAHA.109.547877 (2009).
Acknowledgements
This project has received funding from the Internationale Stichting Alzheimer Onderzoek (ISAO) and from the 
European Union’s Seventh Framework Programme for research technological development and demonstration 
under Grant agreement no. 606998.
Author Contributions
B.B., E.v.B. and E.B. designed the study and wrote the manuscript. M.W., E.R., R.E. critically reviewed the 
manuscript. B.B., E.B., J.deV., D.N., M.v.H. and R.E. performed the experiments.
Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
